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Abstract 

A  Li/Lii.27Cro.2Mno.5302  cell  is  found  to  deliver  an  excellent  discharge  capacity  of  around  260  mAh  g-1,  but  exhibits  a  continuous 
increase  in  capacity  on  extended  cycling.  To  explain  this  latter  behaviour,  various  electrochemical  measurements  and  ex  situ  X-ray 
diffraction  (XRD)  are  performed.  Both  cyclic  voltammetry  and  ex  situ  XRD  reveal  that  an  accumulation  of  transition  metal  atoms  (Cr  or 
Mn)  in  the  lithium  layer  with  cycling  results  in  a  monoclinic  phase  and  capacity  increase.  Studies  using  ac  impedance  spectroscopy  reveal 
that  the  structural  change  mainly  occurs  during  the  charging  process. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Recently,  Li[CrxLi(i/3_x/3)Mn(2/3-2A:/3)]02  with  a- 
NaFeCb  structure  was  reported  to  exhibit  excellent  cycling 
retention  though  there  was  a  large  irreversible  capacity  on 
the  first  cycle  [1-5].  Two  research  groups  [6,7]  have  identi¬ 
fied  the  origin  of  the  irreversible  capacity  through  EXAFS 
and  in  situ  X-ray  diffraction  (XRD).  Except  for  the  large 
irreversible  capacity  at  the  first  cycle,  we  have  found  that 
Li1.27Cro.2Mno.53O2  ( x  =  0.2)  material  displays  continuous 
increase  in  capacity  on  extended  cycling  [8].  A  similar  result 
has  been  observed  for  Li/Li  [Cr^Lqi  /3-^/3)Mn(2/3-2A-/3)]02 
(. x  =  1/3,  1/4)  materials  [4],  Li(Lio.i7Nio.25Mno.58)02  ma¬ 
terial  with  the  same  layer  structure  has  also  been  reported 
to  deliver  increased  capacity  with  cycling,  and  this  was  at¬ 
tributed  primarily  to  the  differential  capacity  peak  developed 
at  3.2  V  on  charging  [9].  Considering  the  lack  of  an  over¬ 
all  description  of  the  capacity  increase  and  possible  future 
apphcation  of  such  materials  in  Li-ion  cells,  it  is  important 
to  understand  the  electrochemical  behaviour  and  structural 
change  of  Li1.27Cro.2Mno.53O2  on  extended  cycles. 

The  change  in  the  capacity  of  a  lithium  battery  dur¬ 
ing  cycling  may  be  associated  with  certain  unwanted 
side-reactions.  These  reactions  have  been  reported  to  result 
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in  electrolyte  decomposition,  passive  him  formation,  active 
material  dissolution,  and  phase  changes  in  the  electrode  ma¬ 
terial  [10].  It  has  been  further  shown  that  there  is  a  strong 
effect  on  the  electroanalytical  response  of  the  electrode 
when  a  destructive  side-reaction  occurs  and  leads  to  capacity 
change  [11].  Therefore,  both  slow-scan  cyclic  voltammetry 
and  impedance  spectroscopy  are  very  good  measures  of  sta¬ 
ble  behaviour  of  a  reversible  electrode.  To  shed  light  on  the 
capacity  increase  of  Li1.27Cro.2Mno.53O2  electrode  on  ex¬ 
tended  cycling;  we  have  investigated  the  electrode  using  ex 
situ  X-ray  difffactometry  and  electroanalytical  techniques. 


2.  Experimental 

Layered  Li127Cro.2Mno.53O2  was  prepared  from  a  mix¬ 
ture  of  manganese  acetate,  chromium  acetate  and  lithium 
hydroxide  using  a  solution  method  [8].  A  solution  of  LiOH 
was  added  to  a  pre-dissolved  solution  of  manganese  acetate 
and  chromium  acetate  with  stirring.  The  mixed  precipitation 
solution  was  heated  on  a  hot  plate  until  it  became  viscous. 
Then,  it  was  coated  on  a  titanium  foil  and  heated  on  a  hot 
plate  to  give  porous  powders.  The  powders  were  bred  at 
700  °C  for  3  h  and  then  calcined  at  900  °C  for  12  h  in  air.  This 
was  followed  by  a  quenching  procedure  to  room  tempera¬ 
ture.  X-ray  diffraction  measurements  were  conducted  on  a 
Philips  PW3040/60  X’pert  PRO  diffractometer  using  Cu  Ka 
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radiation.  To  perform  ex  situ  diffraction  studies,  cells  using 
Li1.27Cro.2Mno.53O2  electrodes  were  charged  or  discharged 
to  the  targeted  voltage.  Then,  the  cells  were  disassembled 
in  a  dry  room  and  the  positive  electrode  was  washed  with 
dimethylcarbonate  solvent  to  remove  the  dissolved  salt  and 
residual  ethylene  carbonate  (EC)  of  the  electrolyte. 

Electrochemical  measurements  were  carried  out  using 
pouch-type  cells  that  each  comprised  a  lithium  metal  foil 
anode,  a  separator,  and  a  cathode.  The  cathodes  were  pre¬ 
pared  by  mixing  Li1.27Cro.2Mno.53O2  powder,  super  P  black 
(MMM  carbon  Co.)  and  poly(vinylidene)fluoride  (PVDF) 
binder  in  a  ratio  of  85:7.5:7.5  by  weight.  The  mixture  was 
made  into  a  slurry  in  iV-methyl-2-pyrrolidone  (NMP)  solu¬ 
tion  and  cast  as  a  film  on  an  aluminum  foil  using  a  doctor 
blade.  The  cast  was  dried  at  130  °C  for  12 h  in  vacuum  and 
pressed  to  an  appropriate  thickness  in  a  roll  press.  The  elec¬ 
trolyte  was  1 M  LiPFg  dissolved  in  1 : 1  ethylene  carbonate 
and  dimethyl  carbonate  (DMC).  The  cells  were  cycled  gal- 
vanostatically  over  a  potential  range  of  2.0^4.9V  using  a 
Maccor  Battery  Tester  System.  Cyclic  voltammograms  were 
obtained  at  a  scan  rate  of  0.05  mV  s-1  over  a  potential  range 
of  2. 0^4.9  V  versus  a  Li/Li+  reference  electrode.  Impedance 
experiments  were  performed  on  Li1.27Cro.2Mno.53O2  elec¬ 
trodes  that  were  at  different  states  of  change  and  discharge. 
The  data  were  collected  in  the  frequency  range  0.1  Hz  to 
100  kHz  with  an  ac  voltage  signal  of  ±5  mV. 


3.  Results  and  discussion 

Charge-discharge  curves  for  a  Li1.27Cro.2Mno.53O2  cell 
at  different  cycles  are  compared  in  Fig.  1.  The  cell  deliv¬ 
ered  a  capacity  of  257mAhg_1  with  a  sloping  voltage  line 
on  the  first  discharge,  and  maintained  the  capacity  for  at 
least  20  cycles  though  the  sloping  line  gradually  shifted  to 
a  slightly  lower  voltage.  The  downward  shift  of  discharge 


Fig.  1.  Charge  and  discharge  curves  for  Li/Lii,27Cro.2Mno.53C>2  cell  at 
different  cycles.  Data  were  collected  at  current  density  of  12mAg_1  over 
voltage  range  2.0-4.9V. 


voltage  may  be  attributed  to  a  change  in  the  electrode  ma¬ 
terial  structure.  With  continued  cycling,  the  cell  delivers  a 
slightly  increased  capacity,  i.e.  around  264  mAh  g-1  from 
25th  cycle  as  shown  in  the  inset,  and  the  sloping  line  splits 
into  two  due  to  a  more  severe  change  in  the  structure.  Fur¬ 
thermore,  the  polarization  between  charge  and  discharge  de¬ 
creases  with  cycling  until  30th  cycle  and  beyond  that  both 
the  capacity  and  voltage  profiles  are  relatively  stable.  These 
results  reveal  that  a  Li/Lii.27Cro.2Mno.53C>2  cell  shows  re¬ 
markable  cycling  stability  at  room  temperature,  despite  the 
difference  in  the  voltage  profiles,  during  extended  cycling. 
On  the  other  hand,  there  is  no  plateau  at  around  2.9  V  on  ex¬ 
tended  cycling,  which  suggests  that  material  does  not  trans¬ 
form  into  a  spinel  configuration  [12], 

The  voltammetric  behaviour  of  Li1.27Cro.2Mno.53O2  elec¬ 
trodes  after  1  and  50  cycles  is  shown  in  Fig.  2.  It  is  clear  that 
the  profile  of  the  second  cycle  is  different  from  that  of  the 
50th  cycle.  The  anodic  peak  at  around  3.7  V  shifts  to  a  more 
negative  potential  of  3 .2  V,  while  the  peak  at  4.6  V  splits  into 
3.9  and  4.8  V  peaks  at  the  50th  cycle,  respectively.  There  is, 
however,  no  evolution  of  two  typical  spinel  peaks  between 
4.0  and  4.3  V  [13,14],  This  reinforces  the  above  conclusion 
that  the  material  does  not  transform  into  a  spinel  structure 
with  cycling.  Similarly,  the  broad  cathodic  peak  at  3.3  V  is 
clearly  separated  into  2.9  and  4.0  V  peaks  and  increases  in 
intensity  at  the  50th  cycle.  In  short,  the  small  peaks  around 
4.0  and  4.8  V  may  be  related  to  the  redox  couple  Cr4+/Cr6+ 
and  its  redistribution  in  the  Li  layer,  as  in  the  case  of  un¬ 
doped  LiMn2C>4,  while  the  large  peaks  around  3.0  V  corre¬ 
spond  to  the  redox  couple  Cr3+/Cr4+  [15-18],  To  further 
conform  the  structural  change  with  cycling,  we  have  carried 
out  ex  situ  XRD  studies. 

The  ex  situ  X-ray  diffraction  patterns  of  Li1.27Cro.2Mno.53 
O2  electrodes  on  the  first  cycle  are  shown  in  Fig.  3.  Com¬ 
paring  Fig.  1(b)  with  (a),  it  is  clear  that  the  intensity  of 
the  (0 1 2)  peak  is  increased  intensively.  The  difference  may 
be  attributed  to  the  aluminum  foil.  Other  peaks,  except  for 
(1  0  4),  shift  smoothly  but  do  not  change  significantly  during 
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Fig.  3.  X-ray  diffraction  patterns  for  Li1.27Cro.2Mno.53O2  electrodes:  (a) 
powder,  (b)  pristine,  (c)  after  first  charge,  (d)  after  first  discharge. 

Table  1 

Unit  cell  parameters  tor  Li  1 

17Cro.2Mno.53O2 

State 

a  (A) 

c  (A) 

da 

Powder  sample 

2.854 

14.264 

4.998 

Pristine  electrode 

2.859 

14.273 

4.991 

After  first  charge 

2.862 

14.308 

4.999 

After  first  discharge 

2.873 

14.328 

4.987 

the  first  cycle.  This  suggests  that  the  electrode  material  main¬ 
tains  a  layered  structure  throughout  the  charge-discharge 
process.  This  is  further  confirmed  by  the  lattice  parameter 
data  (c/a  =  4.99)  in  Table  1.  As  for  the  (104)  peak  in 
Fig.  1(d),  there  are  two  split  lines  at  the  top  due  to  the  co¬ 
existence  of  a  small  monoclinic  phase  [9]. 

Fig.  4  compares  the  ex  situ  X-ray  diffraction  patterns 
of  Li1.27Cro.2Mno.53O2  electrodes  measured  at  different 
states  of  discharge.  There  is  a  shoulder  on  the  left  side 
of  the  (104)  peak  when  the  Li/Lii.27Cro.2Mno.5302  cell 
is  discharged  to  3.4  V,  which  indicates  the  start  of  struc- 


Scattering  Angle(deg.) 


Fig.  4.  X-ray  diffraction  patterns  for  Li1.27Cro.2Mno.53O2  electrodes  at 
selected  range:  (a)  pristine,  (b)  after  discharged  to  3.4  V,  (c)  after  first 
discharge,  (d)  after  30th  discharge. 


ture  change.  After  the  end  of  first  discharge,  the  shoulder 
peak  increases  in  intensity  and  eventually  results  in  split 
of  the  (104)  peak,  though  the  separation  is  not  obvious. 
This  suggests  that  the  structural  change  has  not  reached 
completion.  With  continued  cycling,  the  shoulder  peak 
shifts  downwards  slowly  to  a  lower  angle  and  separates 
well  at  the  end  of  the  30th  discharge.  This  is  in  good  ac¬ 
cordance  with  the  charge-discharge  curves  that  show  two 
distinct  plateaus  in  Fig.  1.  On  the  other  hand,  it  has  been 
reported  that,  during  the  charge  process,  Cr  or  Mn  atoms  in 
Li[Cr^Li(i/3_x/3)Mn(2/3-2^/3)]02  (x  =  1/3)  migrate  from 
their  original  octahedral  sites  in  the  transition  metal  layer 
to  neighbour  tetrahedral  sites  in  the  lithium  layer  and  then 
further  to  octahedral  sites  in  the  same  lithium  layer.  Though 
many  of  the  migrated  transition  metal  atoms  returned  to  their 
original  octahedral  sites  in  the  transition  metal  layer  upon 
discharge,  some  amount  of  transition  metal  atoms  remain  on 
both  the  tetrahedral  and  the  octahedral  sites  in  lithium  layer 
[6,7].  These  residual  transition  metal  atoms  induce  struc¬ 
tural  ordering  and  a  large  irreversible  capacity  on  the  first 
cycle.  Since  Li1.27Cro.2Mno.53O2  exhibits  the  same  type  of 
irreversible  capacity  on  the  first  cycle,  it  is  obvious  that  there 
are  residual  Cr  or  Mn  atoms  in  the  lithium  layer  after  dis¬ 
charge  [8].  With  continued  cycling,  the  amount  of  residual 
transition  metal  atoms  in  different  sites  of  the  lithium  layer 
increases  and  eventually  results  in  a  monoclinic  peak  on  the 
left  side  of  the  (104)  peak.  By  contrast,  the  (104)  peak  in 
the  previously  reported  Li[CrJCLi(i/3_JC/3)Mn(2/3_2.r/3)]02 
( x  =  1/3)  electrode  after  first  discharge  does  not  show 
any  split  [7].  The  difference  may  be  attributed  to  the 
fact  that  Li[CrxLi(i/3_*/3)Mn(2/3-2A:/3)]02  (x  —  1/3) 

material  has  less  pronounced  superlattice  ordering  than 
Li1.27Cro.2Mno.53O2  material. 

Nyquist  plots  of  aLii .27Cro.2Mno.53O2  electrode  obtained 
at  different  states  of  charge  are  presented  in  Fig.  5.  The  de¬ 
pressed  semicircle  of  each  plot  can  be  associated  with  the 
electrode  surface  layer  and  the  charge-transfer  process.  Sim¬ 
ilar  to  LiNi02,  the  semicircle  is  strongly  dependent  on  the 
potential  and  is  minimal  at  around  4.15  V  [11,19].  On  the 
other  hand,  the  impedance  of  both  fully  lithiated  and  delithi- 
ated  electrodes  reflects  resistive  electrodes.  The  data  were 
analyzed  using  the  equivalent  circuit  shown  in  Fig.  5.  Rs  1 
represents  the  ion-transfer  resistance,  Csi  is  the  surface-layer 
capacitance,  Rct  is  the  charge-transfer  resistance,  Cdi  is  the 
double-layer  capacitance,  and  Zw  is  the  Warburg  impedance. 
The  behaviour  of  both  the  surface-layer  resistance  and  the 
charge-transfer  resistance  as  a  function  of  charge  potential 
is  demonstrated  in  Fig.  6(a).  The  observed  increase  in  Rs  1  is 
due  to  the  slow  growth  of  the  passive  film  as  a  function  of 
time.  It  is  clear  that  the  film  grows  rapidly  below  4.1  V  and, 
thereafter,  grows  slowly.  By  contrast,  the  charge-transfer  re¬ 
sistance  decreases  rapidly  with  the  increase  in  charge  volt¬ 
age  upto  4. 15  V,  then  it  experiences  a  moderate  increase  with 
further  increase  in  charge  voltage.  This  may  be  attributed  to 
a  change  in  interlayer  distance  that  results  in  easy  transfer 
of  lithium  ions  in  the  interlayer  when  it  is  expanded,  and 


X.  Wu  et  al./ Journal  of  Power  Sou 


137  (2004)  105-110 


Zre/ohm 


c„  cdl 


Fig.  5.  Nyquist  plots  for  Li1.27Cro.2Mno.53O2  electrode  measured  at  dif¬ 
ferent  states  of  charge  and  the  corresponding  equivalent  circuit. 


vice  versa.  Similar  results  have  been  reported  for  LiNiCh 
[19],  and  the  decrease  in  charge- transfer  impedance  was  also 
attributed  to  expansion  of  the  interlayer  distance  between 
NiC>2.  Fig.  6(b)  shows  the  dependence  of  Csi  and  Qi  as  a 
function  of  charge  voltage.  The  surface  layer  capacitance  in¬ 
creases  with  increase  in  charge  voltage.  Since  Csi  =  S  (sur¬ 
face  layer  area)/£  (surface  layer  thickness),  it  is  obvious  that 
the  increase  in  the  surface  layer  area  is  larger  than  that  in  the 
surface  layer  thickness  (surface  layer  resistance).  This  may 
be  attributed  to  migration  of  transition  metal  atoms  into  the 
Li  layer,  as  discussed  above  for  XRD  data.  On  the  other  hand, 
the  double-layer  capacitance  also  increases  with  increase  in 
charge  voltage.  This  observation  reinforces  the  above  result 
that  the  effective  surface  area  increases  with  charging. 

Nyquist  plots  of  a  Li1.27Cro.2Mno.53O2  electrode  ob¬ 
tained  at  different  states  of  discharge  are  given  in  Fig.  7. 
The  size  of  the  semicircle  increases  slowly  above  3.5  V  and, 
thereafter,  it  increases  monotonically  with  decrease  in  the 
discharge  potential.  The  data  were  further  analyzed  with 
the  equivalent  circuit  in  Fig.  5.  Fig.  8(a)  shows  the  depen¬ 
dence  of  both  surface-layer  resistance  and  charge-transfer 
resistance  as  a  function  of  discharge  potential.  The  for¬ 
mer  parameter  increases  slowly  with  decrease  in  discharge 
voltage,  which  indicates  slow  growth  of  the  passive  film 
with  time.  The  charge-transfer  resistance  increases  slowly 
with  decrease  in  discharge  voltage.  The  lower  the  potential 
and  the  more  the  lithium  is  inserted,  the  charge-transfer 
resistance  increases  monotonically.  Fig.  8(b)  shows  the  de¬ 
pendence  of  Csi  and  Cdi  values  as  a  function  of  discharge 
potential.  The  surface-layer  capacitance  decreases  with 


(a)  Voltage  (V) 


(b)  Voltage  (V) 

Fig.  6.  For  Li1.27Cro.2Mno.53O2  electrode:  (a)  variation  of  surface-layer 
resistance  (Rs  1)  and  charge-transfer  resistance  (Rct)  as  function  of  charge 
voltage;  (b)  variation  of  surface-layer  capacitance  (Csi)  and  double-layer 
capacitance  (Cdi)  as  function  of  charge  voltage. 

decrease  in  voltage  due  to  the  increase  in  surface- layer 
thickness  (surface-layer  resistance)  On  the  other  hand,  the 
double-layer  capacitance  remains  almost  constant  with  in¬ 
crease  in  discharge  voltage.  This  suggests  that  the  effective 
surface  area  of  the  electrode  does  not  increase  with  time 
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Fig.  7.  Nyquist  plots  for  Li1.27Cro.2Mno.53O2  electrode  measured  at  dif¬ 
ferent  states  of  discharge. 
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(a)  Voltage 


Voltage  (V) 


Fig.  8.  For  Li1.27Cro.2Mno.53O2  electrode:  (a)  variation  of  surface-layer 
resistance  (Rs  1)  and  charge-transfer  resistance  (Rc t)  as  function  of  discharge 
voltage;  (b)  variation  of  surface-layer  capacitance  (Csi)  and  double-layer 
capacitance  (Cai)  as  a  function  of  discharge  voltage. 

during  discharge  [13].  The  result  further  confirms  that 
the  structural  change  of  the  Li1.27Cro.2Mno.53O2  electrode 
mainly  occurs  during  the  charging  process. 

Nyquist  plots  of  a  Li1.27Cro.2Mno.53O2  pristine  electrode 
and  those  measured  after  1,  30  and  40  cycles  are  shown  in 
Fig.  9.  It  is  clear  that  the  semicircle  decreases  significantly 


Zr0/ohm 


Fig.  9.  Nyquist  plots  for  Li1.27Cro.2Mno.53O2  electrode  obtained  at  3.2  V: 
(1)  pristine,  (2)  after  first  cycle,  (3)  after  30th  cycle,  (4)  after  40th  cycle. 


in  size  up  to  the  30th  cycle.  This  indicates  that  the  charge- 
transfer  resistance  decreases  in  the  first  30  cycles  and  thus 
speeds  up  the  kinetics  of  the  intercalation-deintercalation 
processes.  This  may  be  due  to  some  reorganization  of  the 
active  mass  structure  that  occurs  during  the  cycling  process, 
as  shown  in  Fig.  4.  Upon  further  cycling,  the  spectrum  is 
nearly  unchanged,  which  suggests  that  the  electrode  is  sta¬ 
ble  after  30  cycles.  On  the  other  hand,  the  sloping  line  of 
the  pristine  electrode  display  pronounced  deviation  from  a 
typical  Warburg  impedance,  i.e.  it  is  highly  resistive. 


4.  Conclusions 

To  explain  the  capacity  increase  on  extended  cycling, 
Li1.27Cro.2Mno.53O2  electrodes  with  ct-NaFeCh  structure 
have  been  investigated  by  means  of  various  electroanalyti- 
cal  techniques  and  ex  situ  XRD.  Cyclic  voltammetry  reveals 
that  Li1.27Cro.2Mno.53O2  material  does  not  transform  into  a 
spinel  structure  with  cycling.  The  XRD  data  further  reveal 
that  partially-irreversible  transition  metal  atoms  (Cr  or  Mn) 
accumulate  in  both  the  tetrahedral  interstitial  and  the  octa¬ 
hedral  sites  in  the  lithium  layer  with  cycling,  and  eventually 
result  in  a  monoclinic  phase  and  capacity  increase.  The 
strong  response  of  impedance  spectra  also  suggests  that  the 
structural  change  occurs  mainly  during  the  charging  process. 
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